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Abstract
Background: Among twenty amino acids, methionine has a special role as it is coded by the translation initiation
codon and methionyl-tRNAi (Met-tRNAi) is required for the assembly of the translation initiation complex. Thus
methionine may play a special role in global gene regulation. Methionine has also been known to play important
roles in cell growth, development, cancer, and aging. In this work, we characterize the translational and transcriptional
programs induced by methionine restriction (MetR) and investigate the potential mechanisms through which
methionine regulates gene expression, using the budding yeast S. cerevisiae as the model organism.
Results: Using ribosomal profiling and RNA-seq, we observed a broad spectrum of gene expression changes in
response to MetR and identified hundreds of genes whose transcript level and/or translational efficiency
changed significantly. These genes show clear functional themes, suggesting that cell slows down its growth and cell
cycle progression and increases its stress resistance and maintenance in response to MetR. Interestingly, under MetR cell
also decreases glycolysis and increases respiration, and increased respiration was linked to lifespan extension caused by
caloric restriction. Analysis of genes whose translational efficiency changed significantly under MetR revealed different
modes of translational regulation: 1) Ribosome loading patterns in the 5′UTR and coding regions of genes
with increased translational efficiency suggested mechanisms both similar and different from that for the
translational regulation of Gcn4 under general amino acid starvation condition; 2) Genes with decreased
translational efficiency showed strong enrichment of lysine, glutamine, and glutamate codons, supporting
the model that methionine can regulate translation by controlling tRNA thiolation.
Conclusions: MetR induced a broad spectrum of gene expression changes at both the transcriptional and
translational levels, with clear functional themes indicative of the physiological state of the cell under MetR.
Different modes of translational regulation were induced by MetR, including the regulation of the ribosome
loading at 5′UTR and regulation by tRNA thiolation. Since MetR extends the lifespan of many species, the
list of genes we identified in this study can be good candidates for studying the mechanisms of lifespan
extension.
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Background
Methionine is one of two sulfur-containing amino acids
that are incorporated into proteins during translation.
Among twenty amino acids, methionine plays a special
role in the biosynthesis of proteins because its codon
AUG is also the most common translation initiation
codon. In eukaryotes, the binding of the anticodon of
the initiator Met-tRNA to the initiation codon AUG is
required for initiating translation [1]. This interaction is
highly conserved across species. Met-tRNA is required
for the assembly of 40S ribosome and thus may regulate
the mechanism of ribosome scanning and entry, potentially
serving as an important control point for translation [1–3].
Since translational regulation is a key step in gene regula-
tion, sensing intracellular methionine level and adjusting
the global gene expression program through translational
control may be an important strategy to coordinate cell’s
metabolic state with its growth.
Methionine has also been known to play important
roles in a wild range of biological phenomena including
growth, development, fertility, cancer and aging [4–9]. It
has been widely reported that methionine intervention
can effectively regulate the lifespan of numerous model
organisms. In particular, methionine restriction (MetR)
has been shown to extend the lifespan of a range of
species, including yeast, worm, fly and mouse [10–13]. It
has also been suggested that the lifespan extension by
caloric restriction, defined as reduced caloric intake
without malnutrition, can be attributed to methionine
restriction [6, 14]. In addition to the effect on lifespan,
methionine restriction also slows or reduces many char-
acteristics associated with senescence, such as immune
and lens aging, increased IGF-I and insulin levels, and
cumulated oxidative damages [15, 16]. Methionine re-
striction has also been studied extensively in anticancer
therapies, either alone or in association with the other
treatments, and is considered as a useful therapeutic
strategy for treating various cancers [17, 18]. Thus, char-
acterizing the global gene expression program induced
by MetR and understanding the mechanisms by which
MetR regulates gene expression are important not only
for understanding the basic principles of gene regulation
but also for promoting human health.
Translational regulation by general amino acid starva-
tion has been extensively studied and the pathway
involved has been elucidated before [19, 20]. In the
canonical model, amino acid starvation leads to the
accumulation of uncharged tRNA, activating the Gcn2
kinase, which phosphorylates eIF2 (the Eukaryotic
Initiation Factor 2), ultimately affecting the translation
[21, 22]. As a general strategy for sensing amino acid
depletion, this may also be the mechanism to sense and
respond to MetR. Methionine may also work through
other mechanisms to affect translation. It has been
reported that intracellular methionine availability can
regulate cellular translational capacity and metabolic
homeostasis by controlling the thiolation status of the
wobble-uridine (U34) nucleotides on lysine, glutamine,
or glutamate tRNAs [23]. Methionine may also affect
gene expression by converting to S-adenosyl methio-
nine [24], which serves as the predominant methyl
donor for rRNA-tRNA modifications and DNA/protein
methylations. Although there has been significant progress
in understanding the roles methionine may play in gene
regulation, a systematic study on the global gene expres-
sion program controlled by methionine, especially at the
translational level, is still lacking.
In this work, we use ribosomal profiling and RNA-seq
to compare the translational and transcriptional profiles
of cells growing in the normal and methionine restricted
media. We systematically characterize the translational
and transcriptional programs induced by methionine
restriction and investigate the potential mechanisms
through which methionine regulates gene expression,
using the budding yeast S. cerevisiae as the model
organism.
Methods
Yeast strains and media
Yeast strains used for the ribosomal profiling and RNA-
seq experiments were BY4741 (MATa his3Δ1 leu2Δ0
met15Δ0 ura3Δ0).
Synthetic Dextrose (SD) medium and methionine
restriction (MetR) medium was used in the ribosome
profiling/RNA-seq experiments, The SD medium con-
tained 2% (wt/vol) glucose, 6.7 g/L yeast nitrogen
base (YNB) without amino acid, 20 mg/L Adenine,
20 mg/L L-Arginine HCL, 100 mg/L L-Aspartic Acid,
20 mg/L L-Histidine HCL, 100 mg/L L-Leucine,
30 mg/L L-Isoleucine, 30 mg/L L-Lysine HCL,
20 mg/L L-Methionine, 50 mg/L L-Phenylalanine,
200 mg/L L-Threonine, 20 mg/L L-Tryptophan,
30 mg/L L-Tyrosine, 20 mg/L Uracil, 150 mg/L L-
Valine, 100 mg/L glutamic acid and 4 g/L serine. The
MetR media has the similar ingredients as the SD
medium except for 4 mg/L L-Methionine concentra-
tion. Media were freshly made before the experiments.
All nutrients were purchased from Sigma-Aldrich
Corporation.
Ribosome profiling and RNA-seq of cells growing in SD
vs. MetR media
The initial cell culture was incubated in 300 ml SD
medium overnight to an OD600 0.8 ~ 1.0, then diluted
by five fold using fresh SD media and incubated for
another 4 h under 30 °C to an OD600 0.8 ~ 1.0. The
sample was then divided equally into two aliquots.
Cells were separated from the media by spin-down at
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3000 g for 5 min and re-suspended in SD and MetR
media respectively. All samples were incubated for
another hour before harvesting. All the steps were
carried out at 30 °C.
Ribosomal profiling and RNA-seq experiments were
carried out using the protocol developed by Ingolia et al.
[25] Raw sequences were obtained from Illumina Hiseq
2000.
Sequence analysis and quantification of differential gene
expression
Sequence reads were aligned to the most recent S.
cerevisiae genome using SOAPaligner/SOAP2 (2.21)
with default setting [26]. After trimming off the
adapters, reads aligned to rRNA and tRNA sequences
were filtered out. The rest of the reads were then
aligned to the genome sequence. Finally, reads that
did not align to the genome were aligned to all the
CDSs to retain those covering the splicing junctions.
After the alignment, we counted the number of reads
starting at each position across the whole genome;
for ribosomal footprinting data, the starting position
of each read was shifted by 15 bps towards the 3′
end, to adjust for the offset due to ribosome protec-
tion. To get the abundance of reads covering each
gene, we sum all reads with starting position from
the start to the stop codon, excluding the first 50 bps
from the transcription start site (TSS), to alleviate
the effect of the biased distribution of reads around
the TSS [25, 27].
For a reliable gene expression comparison between
two conditions, we excluded genes with less than 128
total raw reads (combining the reads from the two con-
ditions) [27]. We computed the fold change of mRNA or
footprint as the ratio of the corresponding reads from
the two conditions, with total reads normalized to adjust
the median fold change to 1. To estimate the statistical
significance of the fold change, we did the following ana-
lysis: for each gene gi, we collected the other 100 genes
with the most similar number of reads and compute the
standard deviation σi from the log (fold_change) of these
101 genes. We then computed the zi ¼ log Fið Þσ i , where Fi is
the fold change of gi comparing MetR and SD. Then a
p-value was calculated from the zi to measure the signifi-
cance of the fold change.
Quantification of translational efficiency changes
The translational efficiency changes were calculated as
the ratio of ribosomal footprints fold change to mRNA
fold changes for each gene. Translational efficiency
change Z-score is calculated by normalized the efficiency
change with the standard deviation.
Calculation of the TF module z-scores and KEGG pathway
z-scores
We used the transcription factor targets from the ana-
lysis by McIssac et al. based on the systematic ChIP-chip
data [28], using 0.001 as the p-value cutoff and the
strongest conservation between species [29]. We com-
puted the rank sum test z-scores comparing the fold
changes of the target genes vs. none-target genes for
each transcription factor. The sign of the z-score reflects
the overall direction of the gene expression change in
the modules; positive z-score indicates overall induction
and negative z-score indicates overall repression. We
used TF modules with at least 15 targets for this ana-
lysis. We used a similar method to compute the KEGG
[30] pathway z-scores by grouping the genes from the
same KEGG pathway.
Flow cytometer measurement of the protein abundance
changes upon methionine restriction
Yeast GFP-tag strains were selected from the yeast GFP
library [31]. For each GFP strain, we picked three single
clones from the plate and cultured them overnight to
saturation. We then diluted each cell culture on the
second day and grew them to OD600 0.1–0.3 in a 96
well plate. Cells were collected (by spinning down at
3000 × g for 5 mins and removing the supernatant) and
re-suspended in MetR or SD media. We then used flow
cytometer to measure the GFP signals (FITC channel) in
each sample after 4 h (for about 50,000 cells per sample).
The cellular GFP concentration was computed by nor-
malizing the GFP signal with the cell size using Forward
Scattering Signal (FST channel) for each individual cell.
The difference of GFP concentration between MetR and
SD was computed as the ratio of the medians of the nor-
malized GFP under the two conditions. Then the mean
GFP fold change was calculated from the three biological
replicates.
Results
Ribosomal profiling and RNA-seq revealed a broad
spectrum of transcriptional and translational changes
induced by MetR
We performed global gene expression profiling by RNA-
seq and ribosomal profiling [27, 32], comparing cells
growing in normal vs. MetR (0.2 times the methionine
concentration in the normal media) conditions. The se-
quencing result is of high quality with at least 50× cover-
age per sample (summary statistics of the sequencing
reads shown in Additional file 1). Ribosome profiling
quantifies ribosome protected RNA (footprint) for all
the genes in the genome and thus can measure the
translational efficiency when combined with the total
amount RNA from the RNA-seq data. We observed a
broad spectrum of gene expression changes in response
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to MetR, both at the transcriptional and the translational
levels (Fig. 1, Additional file 2 and Additional file 3:
Figure S1). For the majority of the genes that changed
expression, the regulation is at the transcriptional level,
as the fold change of the footprint is proportional to the
fold change of the transcript level (i.e., the majority of
the points fall on the diagonal). There is a subset of
genes whose translational efficiency (defined as the ratio
of the ribosomal footprints to the total RNA) are
increased or decreased compared to all the genes (Fig. 1,
dots with dark red or blue color), indicating that they are
under translational regulation. We observed that a subset
of genes with decreased transcriptional level tend to have
a decreased translational efficiency, suggesting that they
are under both transcriptional and translational control
(Fig. 1, blue dots). Overall there are 110/149 genes whose
footprints went up/down by more than four-fold under
MetR, and 149/232 genes increased/decreased their
translational efficiency by more than two-fold.
We found that genes with increased expression (foot-
print_fold_change > 4) are enriched for those involved in
the amino acid biosynthetic process, including genes
coding for enzymes for methionine biosynthetic pathway
and sulfate assimilation. Those down-regulated genes
(footprint_fold_change < ¼) are enriched for protein
synthesis (ribosomal genes) and RNA methylation (Add-
itional file 4). We have selected a few top repressed/in-
duced genes and measured the corresponding protein
level change upon methionine restriction using flow
cytometry and GFP reporter strains. The results are
consistent with the footprint measurements (Additional
file 5: Figure S2.)
To identify the functional themes of the gene expres-
sion program, we analyzed the gene expression changes
by organizing genes into functional groups with shared
transcriptional regulators. Genes were grouped into
transcription modules – genes co-regulated by the same
transcription factor, using the TF – target relationships
previously identified by a genomic ChIP-chip analysis
[29]. We then analyzed the expression change of genes
in the TF modules collectively by calculating a z-score
for the whole module (see Methods). This approach
allows a simpler functional organization of the transcrip-
tome and improves the statistical power when the
targets of a TF have small but coherent fold changes.
The analysis revealed that a number of TF modules are
significantly up/down regulated (14 TF modules with
z_score > 2.5, and 7 TF modules with z_score < −2.5
when using either the transcript level or the footprint
level; Fig. 2, Additional file 6), with clear functional
themes. TF modules down-regulated are involved in pro-
tein synthesis (ribosomal gene regulators RAP1, FHL1,
SFP1), cell cycle progression (MBP1 for G1/S transition
and ABF1 for DNA replication) and glycolysis (GCR2).
TF modules up-regulated are involved in methionine
biosynthesis (MET31, MET32, CBF1) and general amino
Fig. 1 RNA-seq and ribosomal profiling revealed global transcriptional and translational regulation by methionine restriction. Log2 of the fold change
(MetR vs. SD) of ribosomal-protected RNA is plotted against Log2 fold change of the mRNA, for all the genes. The size of the dots represents
the number of reads (per one million total reads) for the gene. Translational efficiency is measured by the ratio of ribosomal footprints fold-
changes to the mRNA fold-changes, quantified by a z-score (indicated by the color, see Methods)
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acid starvation response (GCN4), general stress response
(MSN2, MSN4), cellular maintenance (RPN4 for prote-
asome, RTG3 for mitophagy), respiration (HAP4), and
iron utilization (RCS1, AFT2). These observations suggest
that in response to MetR, cell slows down its growth and
cell cycle progression and increases its stress resistance
and cellular maintenance, in addition to the obvious
increase of methionine pathway genes.
Interestingly, under MetR cell also decreases glycolysis
and increases respiration, and increased respiration was
linked to lifespan extension caused by caloric restriction,
suggesting that MetR may also require increased respiration
to extend lifespan [33].
We also performed a similar analysis using KEGG [30]
pathways. Overall the results are consistent with the GO
and TF module analyses. The pathway analysis also reveals
Fig. 2 Transcription factors that play important roles in the regulation of gene expression by methionine restriction, identified by the transcription
module analysis. Module Z-scores measures the collective change of all the targets of the transcription factor relative to other genes (see Methods).
Transcription modules with z-scores > 2.5 or < −2.5 based on mRNA changes or footprint changes were shown
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a few interesting pathways missed by the GO analysis,
including the induction of autophagy and ubiquitin-
mediated proteolysis (for the full results, see Additional
file 6), suggesting that the cell tries to recycle amino acids
under Methionine restriction.
Because of methionine’s special role in regulating trans-
lation, we are particularly interested in the subset of genes
that were subjected to translational regulation by MetR.
No enrichment of gene ontology categories was found in
genes that increased their translational efficiency more
than two-fold. Genes with decreased translational effi-
ciency are enriched for carboxylic acid metabolic process,
urea metabolic process, amino acid biosynthetic pathway
(except Methionine biosynthetic pathway) and protein
synthesis (ribosomal genes) (Additional files 4 and 6).
Ribosomal genes are suppressed at the mRNA level and
suppressed even further at the footprint level. Similar
results were also obtained from KEGG pathway analysis
(Additional file 6).
Potential mechanisms for translational regulation by
MetR
To investigate the mechanisms for translational regula-
tion by MetR, we analyzed the potential regulatory role
of 5′UTRs in the change of translational efficiency in-
duced by MetR. We analyzed ribosome loading patterns
by calculating the ratio of reads on the 5′ UTR or 3′
UTR over the coding region (Fig. 3a) for the group of
genes with increased, decreased or no efficiency changes
(defined by the efficiency z-score cutoff 2 and −2). The
ratio of reads on 5′UTR vs. coding region increase
dramatically for most of the genes except for those
with increased translational efficiency (Fig. 3a). The
ratio for genes with increased translational efficiency
(efficiency z-score > 2, excluding GCN4) was high in
the SD condition (0.04 vs. 0.008), and does not
change much under MetR. The translation of GCN4
is known to be regulated by the 5′uorfs [27, 34] and
its 5′ to coding ratio decreased drastically under
MetR condition. This is consistent with the canonical
model of GCN4 regulation [19, 20] and with the pre-
vious ribosome profiling experiments under general
amino acid starvation condition [27].
To further analyze the change of ribosome loading pat-
tern under MetR, we compared the fold change of the
footprint in the 5′UTR and the coding regions for each
gene whose translational efficiency increased under MetR
(Fig. 3b, c). There are three classes of genes with distinct
patterns of the change of 5′UTR reads vs. that of the
coding sequences. Class one genes increase the footprints
significantly more in their coding region compared to the
5′UTR region (Fig. 3b, dots above the diagonal line),
indicating significantly more loading of ribosome at the
canonical start site. This group includes GCN4 and
several other genes such as NIT1, suggesting that they
might be regulated in the similar fashion as GCN4. Class
two genes increase the footprints more in their 5′UTR re-
gion than the coding region (dots below the diagonal line,
one example is XBP1, shown in Fig. 3c), suggesting that
the increased translational efficiency was due to ribosome
loading at the non-canonical start in the 5′UTR region.
Thus the mechanism can be quite distinct from that for
the regulation of GCN4. Class 3 genes show uniform
changes in the 5′UTR region and the coding region (dots
close to the diagonal line). These results suggest that even
for the genes with increased translational efficiency, there
are potentially distinct regulatory mechanisms for dif-
ferent genes. There is no obvious correlation between
the length of the 5′UTR region and the class (Fig. 3b
size of the dots).
Translational repression of ribosome biogenesis genes by
MetR strongly correlated with the higher codon
frequency in lysine, glutamine and glutamate suggesting
translational regulation through tRNA thiolation
One potential mechanism through which methionine
may directly regulate translation is through modulation
of tRNA thiolation which is important for efficient transla-
tion of gene enriched in lysine (K), glutamine (Q) and
glutamate (E) codons [23]. Under sulfur starvation, tRNA
thiolation will be downregulated. If this mechanism
operates under MetR condition, we expect that genes
enriched with KQE codons will have lower translation effi-
ciency. We calculated the Pearson correlation between the
frequency of K, Q, E individually or combined with the
translational efficiency changes under MetR (Additional
file 7). There is a negative correlation (r = −0.037, p ~ 0.01)
between the KQE frequency and translational efficiency.
The negative correlation becomes stronger (r = −0.055,
p ~ 0.0001) when considering only the frequency of K.
This correlation becomes even more pronounced when
considering specific gene categories. In the gene
ontology analysis, we identified several groups of
genes whose translational efficiency are significantly
down-regulated by MetR, including the ribosome bio-
genesis genes (Fig. 4a, c). This group of genes also
have a higher frequency of lysine, glutamine and glu-
tamate codon (Fig. 4b), showing a significant negative
correlation with the translational efficiency change
(Fig. 4d). This suggested that the repression of the
translational efficiency of ribosome biogenesis genes
may be controlled by the thiolation pathway. For
genes in other categories that are translational down-
regulated, there is no bias in the K, Q, E codon
frequency. In addition, when excluding all the genes in
the ribosome biogenesis category, there is no correlation
between the codon frequency of KQE and the transla-
tional efficiency changes, indicating that the tRNA
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Fig. 3 Ribosomal occupancy pattern of the 5′ UTR and the coding regions for translationally regulated genes. a. The ratio of ribosomal footprint
reads in 5′UTR to open reading frame under SD and MetR condition, genes were grouped by their translational efficiency changes: Up: efficiency
change Z-score > 2; Down: efficiency change Z-score < −2 and other genes. b. Scatter plot showing the fold change of reads in 5′UTR vs. the fold
change of reads in the open reading frame for the genes with efficiency change > 2, dot size indicating the length of the 5′UTR. c. Distribution of
the ribosomal footprint reads on 5′UTR and coding regions of GCN4, XBP1, and NIT1
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thiolation pathway can only explain part of the transla-
tional efficiency changes. There is no significant correl-
ation between the translational efficiency changes and the
frequency of methionine codon.
Discussion
Translational regulation is a key step in gene regulation
and plays an important role in cellular response to
changing environment. So far translational regulation
has been much less well studied compared to transcrip-
tional regulation. The recent development of the ribo-
some profiling technique made it possible to study
translational regulation at a fine resolution [25, 27]. As
a special amino acid, methionine is coded by the trans-
lation initiation codon and methionyl tRNAi (Met-
tRNAi) is required for the assembly of the translation
initiation complex [19, 35], thus sensing the cellular
level of methionine may be an important mechanism
for controlling translation and for coordinating the
metabolic state of a cell with its growth.
In this work, we have quantified the global tran-
scriptional and the translational programs induced by
methionine restriction, using ribosome profiling and
RNA-seq. We have identified hundreds of genes whose
transcript level and/or translational efficiency changed
significantly. Analysis of transcriptional changes based
on transcription modules revealed clear functional
themes. While ribosomal genes and genes responsible
for carbohydrate metabolism and cell cycle progression
(in particular G1/S transition) are repressed, genes
responsible for methionine and general amino acid
synthesis, stress response, and cellular maintenance
(e.g., regulated protein degradation and mitophagy) are
induced, indicating that cell slows down its growth and
increases its stress resistance and maintenance/repair
in response to methionine depletion. Interestingly,
MetR seems to induce respiration and decrease
A B
C D
Fig. 4 Correlation between translational efficiency and the codon frequency of lysine, glutamine and glutamate (K, Q, E) for the ribosome biogenesis
genes. a. Top gene ontology categories enriched in genes with decreased translational efficiency (fold-change <1/2). b. Histogram of the codon
frequency of KQE in ribosome biogenesis genes compared with other genes. c. Histogram of the translational efficiency fold-change comparing the
ribosome biogenesis genes with other genes. d. Ribosome biogenesis genes showed a higher KQE frequency and decreased translational efficiency in
the scatter plot
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glycolysis, suggesting that the intra-cellular methionine
level is coordinated with carbohydrate metabolism.
Since methionine plays a key role in translational regu-
lation, this suggests that regulation of translation is co-
ordinated with metabolic state of the cell. It is also
worth noticing that iron utilization is increased under
MetR. Since methionine contains sulfur, this suggests
that the cell’s response is to coordinate sulfur with iron,
perhaps in making sulfur-iron clusters shown to be im-
portant for regulating lifespan [36].
Our analysis of genes whose translational efficiency is
significantly changed by MetR suggested a few mechanisms
for translational regulation through methionine. One well-
studied mechanism for translational regulation is the regu-
lation of Gcn4 under general amino acid starvation, which
involves a pathway triggered by uncharged tRNA. Gcn4
translation is regulated by several upstream UORFs. Under
normal condition, only the 5′ UORFs are translated. Under
amino acid starvation condition, uncharged tRNA activates
the Gcn2 kinase which phosphorylates the translation initi-
ation factor EIF2-alpha, leading to the translation of Gcn4.
Previous ribosomal profiling of general amino acid starva-
tion showed high ribosome occupancy in the 5′UORF
region of Gcn4 which significantly decreases upon AA star-
vation, and at the mean time AA starvation induces a dras-
tic increase of ribosome occupancy in the coding region
[27]. Consistent with this observation, we found a similar
pattern of ribosome loading at Gcn4. In addition, we found
several other genes with ribosome loading pattern similar
to Gcn4, suggesting that they might be regulated in the
similar fashion. Interestingly, we also found a group of
genes with significantly increased translational efficiency,
but with opposite ribosome loading patterns (Fig. 3b).
These genes have much increased loading at their 5′UTR
compared to their coding regions upon MetR, suggesting
that the potential mechanism can be quite different from
that for regulating Gcn4. Our study provided good candi-
date genes/reporters for the detailed mechanistic study of
translational regulation.
Previously, Laxman et al. suggested that methionine
can regulate translation through modulation of tRNA
thiolation. Their study indicated that the intracellular
A
D
B C
Fig. 5 Comparison of the transcriptional and translational changes by general amino acid starvation and methionine restriction. Showing are
scatter plots of the transcriptional changes (a), ribosomal footprint changes (b), translational efficiency changes (c), and ribosome occupancy of
the 5′UTR and the coding regions under amino acid starvation condition compared with the rich media (d)
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methionine level directly controls the thiolation status of
wobbleuridine (U34) nucleotides present on lysine (K),
glutamine (Q), or glutamate (E) tRNAs, and that thio-
lated tRNAs lead to more efficient translation of genes
enriched for KQE codons [23]. Our analysis of genes
whose translational efficiency significantly decreased
under MetR lent additional support to this model. Using
gene ontology (GO) analysis, we found the translational
efficiency of rRNA processing genes are significantly
downregulated by MetR, and that this group of genes is
significantly enriched for KQE codons (Fig. 5). While
Laxman et al. study employed analysis of the proteomes
of thiolation mutants, our study directly measured the
translational efficiency of all genes under MetR condi-
tion, providing complementary evidence supporting the
thiolation model.
Translational regulation by general amino acid starva-
tion has been studied previously by ribosome profiling
[27]. We compare the gene expression profile of MetR
and amino acid starvation [27]. Overall, there is significant
overlap between the transcriptional and translational
changes induced by MetR and amino acid starvation
(Fig. 5a, b, Additional file 8: Figure S3), which is not
surprising as methionine is also restricted in the
amino acid starvation. Amino acid starvation induced
a stronger translational efficiency change (Fig. 5c),
while only a few genes show more efficiency change
in MetR. The footprint read coverage changes in the
5′UTR region in amino acid starvation condition is
similar to MetR, showing a strongly increased ratio of
reads in 5′UTR over coding sequences for most of
the genes. Genes with increased translational effi-
ciency also start with a higher 5′UTR read ratio
which increased only marginally under amino acid
starvation (Fig. 5d) similar to MetR. Although these
patterns are similar, the specificity of MetR allowed us to
infer potential regulatory mechanisms directly related
to methionine.
MetR is known to be able to extend the lifespan of a
wide range of species. Our study identified a number
genes with changed transcription and translational effi-
ciency under MetR; these genes can be good candidates
for analyzing the downstream effectors of lifespan exten-
sion by MetR. For example, increased autophagy and
respiration have been linked to the lifespan extension by
caloric restriction, which is another well-known regimen
that extends lifespan across species. Future studies based
on the genes we identified should provide new insight
into the mechanism of lifespan extension by MetR.
Conclusions
In this work, we characterize the translational and tran-
scriptional programs induced by MetR and investigate
the potential mechanisms through which methionine
regulates gene expression, using the budding yeast S.
cerevisiae as the model organism. Using ribosomal pro-
filing and RNA-seq, we systematically compared the
translational and transcriptional profiles of cells growing
in the normal and methionine restricted media. We
observed a broad spectrum of gene expression changes
in response to MetR, including hundreds of genes whose
transcript level and/or translational efficiency changed
significantly. These genes fall into specific functional
classes that are informative of the physiological state of
the cell under MetR. Analysis of ribosome loading pat-
terns of genes with increased translational efficiency
suggested mechanisms both similar and different from
the canonical model of translational regulation by gen-
eral amino acid starvation. Analysis of the genes with
decreased translational efficiency added support to the
thiolation model of translational regulation by methio-
nine. Since MetR extends the lifespan of many species,
the list of genes we identified in this study can be good
candidates for studying the downstream effectors of life-
span extension.
Additional files
Additional file 1: Sequencing reads statistics. Reads statistics for the
RNAseq and ribosome footprint (XLSX 27 kb)
Additional file 2: mRNA and footprint fold changes with p-values and
translational efficiency under methionine restriction. There are 4 spread
sheets in this file: 1. “MetR foldchanges”: Fold changes in mRNA and
footprint. 2. “mRNA_foldchange with p-val”: Fold changes in mRNA with
p-values. 3. “Footpring_foldchange with p-val”: Fold changes in footprint
with p-values. 4. “MetR efficiency changes”: Translational efficiency
changes under methionine restriction. (XLSX 2804 kb)
Additional file 3: Figure S1. Volcano plot of the fold change and
p-values. (A). Transcription change under MetR and the associated
p-value computed from mRNA data as described in the method, (B).
Translation change under MetR and the associated p-value computed from
footprint data. The p-values are provided in Additional file 2. (PDF 2491 kb)
Additional file 4: Gene ontology enrichment analysis of the genes with
high footprint changes or translational efficiency changes. There are 4
spread sheets in this file: 1. MetR footprint UP 4 fold: Enriched GO biological
process categories in the genes up-regulated under methionine restriction
by more than four-fold in footprint level. 2. MetR footprint Down 4 fold:
Enriched GO biological process categories in the genes down-regulated
under methionine restriction by more than four-fold in footprint level.
3. MetR efficiency UP 2 fold: Enriched GO biological process categories
in the genes with increased translational efficiency by at least two-fold.
4. MetR efficiency Down 2 fold: Enriched GO biological process categories
in the genes with decreased translational efficiency by at least two-fold.
(XLSX 20 kb)
Additional file 5: Figure S2. Validation of protein level changes under
MetR by flow cytometer. Red bars are genes with increased footprint
reads while blue bars represent genes with decreased footprint reads.
The mean GFP fold changes and error bars are computed from three
biological replicates. (PDF 160 kb)
Additional file 6: Module scores and KEGG pathway scores under
Methionine Restriction and amino acids starvation. There are two spread
sheets: 1. Module_scores: Transcription factor module scores and
corresponding p-values from the fold change data under Methionine
Restriction or amino acids starvation. 2. KEGG pathway_scores: KEGG
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pathway scores and corresponding p-values from the fold change data
under Methionine Restriction or amino acids starvation. (XLSX 66 kb)
Additional file 7: Translational efficiency changes under Methionine
Restriction and the codon frequency of Lysine(K), Glutamine(Q), Glutamic
acid(E) and Methionine(M). This file shows the translational efficiency
change for each gene and its codon frequency of Lysine(K),
Glutamine(Q), Glutamic acid(E) and Methionine(M). In addition, the length
of the gene and the 3′UTR and 5′UTR length are also listed. (XLSX 599 kb)
Additional file 8: Figure S3. Similar transcriptional and translational
regulation under MetR and general amino acid starvation revealed by
transcription factor modules: (A) module scores from mRNA data. (B)
module scores from footprint data. (PDF 193 kb)
Abbreviations
ChIP: Chromatin immunoprecipitation; KQE codons: Lysine (K), glutamine (Q)
and glutamate (E) codons; MetR: Methionine restriction; SOAPaligner/soap2: A
member of the Short Oligonucleotide Analysis Package; TSS: Transcription start site
Acknowledgements
We thank Wei Yuehua for helpful discussions.
Funding
This research was supported by National Institutes of Health grant AG043080.
Availability of data and materials
Supporting files are included with the submission and contain all the information
needed to reproduce our results. The sequencing data generated and analyzed
during the current study are available in the Gene Expression Omnibus (GEO)
with the accession: GSE91068.
Authors’ contributions
KZ, QO, HL, JZ conceived and designed experiments. KZ performed experiments.
KZ, HL, and JZ analyzed the data. KZ, QO, HL, JZ wrote the manuscript. All authors
read and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Not applicable.
Ethics approval and consent to participate
Ethical approval was not required for using any of the isolates in this study.
Author details
1The State Key Laboratory for Artificial Microstructures and Mesoscopic
Physics, School of Physics, Peking University, Beijing 100871, China.
2Department of Biochemistry and Biophysics, University of California, San
Francisco, CA 94158, USA. 3Peking-Tsinghua Center for Life Sciences and
Center for Quantitative Biology, Academy for Advanced Interdisciplinary
Studies, Peking University, Beijing 100871, China.
Received: 25 October 2016 Accepted: 10 January 2017
References
1. Cigan AM, Feng L, Donahue TF. tRNAi(met) functions in directing the scanning
ribosome to the start site of translation. Science. 1988;242(4875):93–7.
2. Kozak M. Point mutations define a sequence flanking the AUG initiator
codon that modulates translation by eukaryotic ribosomes. Cell. 1986;
44(2):283–92.
3. Meinnel T, Mechulam Y, Blanquet S. Methionine as translation start signal: a
review of the enzymes of the pathway in Escherichia coli. Biochimie. 1993;
75(12):1061–75.
4. Davis BD, Mingioli ES. Mutants of Escherichia coli requiring methionine or
vitamin B12. J Bacteriol. 1950;60(1):17–28.
5. Gaull G, Sturman JA, Raiha NC. Development of mammalian sulfur
metabolism: absence of cystathionase in human fetal tissues. Pediatr Res.
1972;6(6):538–47.
6. Grandison RC, Piper MD, Partridge L. Amino-acid imbalance explains
extension of lifespan by dietary restriction in Drosophila. Nature. 2009;
462(7276):1061–4.
7. Hoffman RM. Altered methionine metabolism and transmethylation in
cancer. Anticancer Res. 1985;5(1):1–30.
8. Moskovitz J. Methionine sulfoxide reductases: ubiquitous enzymes involved
in antioxidant defense, protein regulation, and prevention of aging-
associated diseases. Biochim Biophys Acta. 2005;1703(2):213–9.
9. Hoffman RM. Methioninase: a therapeutic for diseases related to altered
methionine metabolism and transmethylation: cancer, heart disease,
obesity, aging, and Parkinson’s disease. Hum Cell. 1997;10(1):69–80.
10. Richie Jr JP, Leutzinger Y, Parthasarathy S, Malloy V, Orentreich N,
Zimmerman JA. Methionine restriction increases blood glutathione and
longevity in F344 rats. FASEB J. 1994;8(15):1302–7.
11. Lee BC, Kaya A, Ma S, Kim G, Gerashchenko MV, Yim SH, Hu Z, Harshman
LG, Gladyshev VN. Methionine restriction extends lifespan of Drosophila
melanogaster under conditions of low amino-acid status. Nat Commun.
2014;5:3592.
12. Johnson JE, Johnson FB. Methionine restriction activates the retrograde
response and confers both stress tolerance and lifespan extension to yeast,
mouse and human cells. PLoS One. 2014;9(5):e97729.
13. Cabreiro F, Au C, Leung KY, Vergara-Irigaray N, Cocheme HM, Noori T,
Weinkove D, Schuster E, Greene ND, Gems D. Metformin retards aging
in C. elegans by altering microbial folate and methionine metabolism.
Cell. 2013;153(1):228–39.
14. Pamplona R, Barja G. Mitochondrial oxidative stress, aging and caloric
restriction: the protein and methionine connection. Biochim Biophys Acta.
2006;1757(5–6):496–508.
15. Sanz A, Caro P, Ayala V, Portero-Otin M, Pamplona R, Barja G. Methionine
restriction decreases mitochondrial oxygen radical generation and leak as
well as oxidative damage to mitochondrial DNA and proteins. FASEB J.
2006;20(8):1064–73.
16. Miller RA, Buehner G, Chang Y, Harper JM, Sigler R, Smith-Wheelock M.
Methionine-deficient diet extends mouse lifespan, slows immune and lens
aging, alters glucose, T4, IGF-I and insulin levels, and increases hepatocyte
MIF levels and stress resistance. Aging Cell. 2005;4(3):119–25.
17. Cellarier E, Durando X, Vasson MP, Farges MC, Demiden A, Maurizis JC,
Madelmont JC, Chollet P. Methionine dependency and cancer treatment.
Cancer Treat Rev. 2003;29(6):489–99.
18. Cavuoto P, Fenech MF. A review of methionine dependency and the role of
methionine restriction in cancer growth control and life-span extension.
Cancer Treat Rev. 2012;38(6):726–36.
19. Sonenberg N, Hinnebusch AG. Regulation of translation initiation in
eukaryotes: mechanisms and biological targets. Cell. 2009;136(4):731–45.
20. Hinnebusch AG. Translational regulation of GCN4 and the general amino
acid control of yeast. Annu Rev Microbiol. 2005;59:407–50.
21. Hao S, Sharp JW, Ross-Inta CM, McDaniel BJ, Anthony TG, Wek RC,
Cavener DR, McGrath BC, Rudell JB, Koehnle TJ, et al. Uncharged
tRNA and sensing of amino acid deficiency in mammalian piriform
cortex. Science. 2005;307(5716):1776–8.
22. Wek RC, Jiang HY, Anthony TG. Coping with stress: eIF2 kinases and
translational control. Biochem Soc Trans. 2006;34(Pt 1):7–11.
23. Laxman S, Sutter BM, Wu X, Kumar S, Guo X, Trudgian DC, Mirzaei H, Tu BP.
Sulfur amino acids regulate translational capacity and metabolic
homeostasis through modulation of tRNA thiolation. Cell. 2013;154:416–29.
24. Finkelstein JD. Methionine metabolism in mammals. J Nutr Biochem.
1990;1(5):228–37.
25. Ingolia NT, Brar GA, Rouskin S, McGeachy AM, Weissman JS. The ribosome
profiling strategy for monitoring translation in vivo by deep sequencing of
ribosome-protected mRNA fragments. Nat Protoc. 2012;7(8):1534–50.
26. Li R, Yu C, Li Y, Lam TW, Yiu SM, Kristiansen K, Wang J. SOAP2: an improved
ultrafast tool for short read alignment. Bioinformatics. 2009;25(15):1966–7.
27. Ingolia NT, Ghaemmaghami S, Newman JR, Weissman JS. Genome-wide
analysis in vivo of translation with nucleotide resolution using ribosome
profiling. Science. 2009;324(5924):218–23.
28. Lee TI, Rinaldi NJ, Robert F, Odom DT, Bar-Joseph Z, Gerber GK, Hannett
NM, Harbison CT, Thompson CM, Simon I, et al. Transcriptional regulatory
networks in Saccharomyces cerevisiae. Science. 2002;298(5594):799–804.
29. MacIsaac KD, Wang T, Gordon DB, Gifford DK, Stormo GD, Fraenkel E. An
improved map of conserved regulatory sites for Saccharomyces cerevisiae.
BMC Bioinformatics. 2006;7:113.
Zou et al. BMC Genomics  (2017) 18:189 Page 11 of 12
30. Ogata H, Goto S, Sato K, Fujibuchi W, Bono H, Kanehisa M. KEGG: Kyoto
Encyclopedia of Genes and Genomes. Nucleic Acids Res. 1999;27(1):29–34.
31. Huh WK, Falvo JV, Gerke LC, Carroll AS, Howson RW, Weissman JS,
O’Shea EK. Global analysis of protein localization in budding yeast.
Nature. 2003;425(6959):686–91.
32. Ingolia NT. Ribosome footprint profiling of translation throughout the
genome. Cell. 2016;165(1):22–33.
33. Lin SJ, Kaeberlein M, Andalis AA, Sturtz LA, Defossez PA, Culotta VC, Fink GR,
Guarente L. Calorie restriction extends Saccharomyces cerevisiae lifespan by
increasing respiration. Nature. 2002;418(6895):344–8.
34. Hinnebusch AG. Translational regulation of yeast GCN4. A window on
factors that control initiator-trna binding to the ribosome. J Biol Chem.
1997;272(35):21661–4.
35. Jackson RJ, Hellen CU, Pestova TV. The mechanism of eukaryotic
translation initiation and principles of its regulation. Nat Rev Mol Cell
Biol. 2010;11(2):113–27.
36. Veatch JR, McMurray MA, Nelson ZW, Gottschling DE. Mitochondrial
dysfunction leads to nuclear genome instability via an iron-sulfur cluster
defect. Cell. 2009;137(7):1247–58.
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
Zou et al. BMC Genomics  (2017) 18:189 Page 12 of 12
